In this paper, we have derived the effects of strong magnetic fields 2 on nucleon and particle reaction rates of astrophysical significance.
Introduction
The effects of intense magnetic fields on various phenomena, in both laboratory and astrophysical dynamical systems, have been investigated by numerous authors llJ1, Specially, a number of the principal features of high-energy, high-field electromagnetic conversion processes have been well studied, such as magnetic bremsstrahlung (synchrotron radiation), magnetic pair production, direct and indirect trident cascades, photon splitting, and magnetic Cerenkov radiation. However, the effects of an intense magnetic field in astrophysical investigations have often been ignored. In particular, the effects on the the rates of processes which are fundamental to studies of many astrophysical objects (e.g., neutron stars, supernova, and etc.), and even Big Bang Nucleosynthesis, are usually neglected. For example, in neutron stars, where the magnetic field may be as large as 10'2 -101* gauss[3~41, the effects on reaction rates which are relevant to the cooling rates of neutron star can be substantial. A joint work of Ruderman, Cannuto, Lodenquai, and
Tsuruta on the general effects of strong magnetic fields and superfluidity on neutron star cooling, has been presented in Ref. [5, 6] , where they have specially studied the effects of magnetic fields on photon opacities. They found that the major effect of strong magnetic fields is to drastically reduce photon opacities in certain spatial conditions and greatly accelerate the cooling rates. However, the influences on the cooling rates directly from the altered URCA rates by strong magnetic fields still remain. Moreover, in the early universe, the effects on the weak-interaction rates which determine the rate of production of helium and other light elements can also be significant, depending on the possible existence of magnetic fields at that time. In this paper, we examine the effects of a magnetic field on reaction rates (including both weak and strong interactions) in the presence of variable degrees of degeneracy. Some potential astrophysical implications of our results will also be discussed.
Relativistic Motion of a Charged Particle in a Magnetic Field
The Dirac equation for the motion of a charged particle in an arbitrary magnetic field is, in conventional notation, $f = PG. (cf; + e;i) + y'& + eticy,G. I$), (2.1) where li, is the wave function of the charged particle, e and m are the electric charge and For a constant magnetic field oriented al&g the z axis (A = 0, fi = B, = B = const.), the energy eigenvalues E for the charged particle are given by E2 = c2p2 + m2c4 + eiicB (2nf s + l), (2.4) where n = 0, 1, 2, . t . is the principal quantum number, s (= fl refers to spin up and spin down) is the spin variable, and p is the momentum of the particle. The third term in the expression reflects the contribution to the energy of the particle resulting from the interaction of the particle's magnetic moment with the magnetic field. This expression is very useful in determining the influence of the magnetic field on the interaction rates of many processes.
Interaction Rates in the Presence of Magnetic
Fields and Arbitrary Degeneracy 3.1 Weak reaction rates:
We here consider three fundamental weak interactions which act to determine the critical n/p ratio (see Schramm and Wagoner 1977) (3.1) where gV = 1.4146 x 10-4gerg cm3, and u = E N -1.262.L91 Here i&, u,, Cc, and ZI, stand for the proton, neutron, electron, and neutrino opemtors, with $ = tit,,.
For the case of a constant B-field['"l, we use the exact relativistic wave function in a constant uniform magnetic field for an electron and a free-particle relativistic spinor wave function for an antineutrino.
As to the neutron and proton, since the effects of a magnetic field on them are small compared with their rest mass energy difference, they can be treated nonrelativistically.
To a good approximation, we can therefore use the free-particle nonrelativistic spinor wave functions for them.
The energy eigenvalues for an electron ze obtained from Eq. (2.4) EZ =c2p2 +m$? +eficB(2n+s+l), (3.2) where m, is the rest mass of electron. In the nonrelativistic limit, this becomes
If the electron spin is not measured, the matrix element for each of the reactions ((u) + (c)) will be the same, i.e.,
1 Hfi(P,p,Tl) I'= ":;
where A s 2cy(l -ol)/(1+ 3CY2) N -0.99, (3.5) and the subscripts f and i denote, respectively, the final and initial states. P is the polarization of the neutron source( P = 0: unpolarized; P = 1: completely polarized; 0 < P < 1: partially polarized). B, = q = 4.4 x 10'3gauss is the field strength at which magnetic quantum levels, "cyclotron lines," begin to occur["l.
The reaction rate is obtained from Fermi's golden rule (cf 12) Xi
where ni is the distribution of initial states and -$$ is the density of final states. ecZ,+&) (1 + e(L+q)Z"+i")
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Similarly, for reaction (b), n + v + p + e-, the rate is
2&L+". x (1+ ,b+q (:e;eLz"-4.) -.gG (l +2f;;!m:C47 z12 -6no(l -PAI1 /--JE* -;F+ 4yn) (3.9) 1 e e x (1+ ,cz.+a) (:yj!':;:"::",.
where nmaX is the largest integer in (q' -1)/47 and p = 2.53. Finally, for reaction (c), n-+p+e-+i~,wehave
(1 + , (F) purpose, we will briefly examine several limiting cases.
I. No magneticflelds:
In the absence of a magnetic field, B = 0, which means y = 0 and P = 0. Thus, the summation over the principal quantum number n needs to be replaced by an integration.
We define a variable Bz1+4yn, (3.12) such that where i = a, b, c, of n + p. Thus, it can be seen that a weak magnetic field (B < B,)
will have a negligible effect on the rates of the weak reactions.
Strong magneticfields (B > B,, y >> 1) :
If the magnetic field is strong, y >> 1, then nmax -+ 0, which implies that there is only one term (n = 0) left in the summation over n. In order to see the effect of the magnetic field, we rewrite the first function in the integrals as (e* -1 _ +)-'I* 1~ "I;_":".
Since E goes from 1 to co, in a mathematical sense, it is always true that The dependence of the ratio of the total neutron-depletion rate to the free-field rate on the magnetic field parameter and the temperature, in the case of nondegeneracy and nonpolarization, is plotted in Figure 1 . From this, we see that the effects of a strong magnetic field are negligible-until the temperature drops to the point at which neutron p-decay begins to dominate and large deviations can occur. We therefore conclude that a strong magnetic field can, in some domains, have a significant effect on the rates of the weak reactions.
Here, it is worthwhile to point out that, if the magnetic field is not uniform, but rather is characterized by a distribution function with regions(or magnetic bubbles) (i # 0 in Eq.(2.1)), the nuclear reaction rates will become inhomogeneous; i.e., the field will vary with spatial variables, and the reaction rates will be different, region by region. Thus a fluctuation in the reaction rate would occur (similar to the introduction of the density fluctuations associated with a first order QCD phase transitionl'41).
Strong reaction rates
Let us now discuss the effects of magnetic fields on strong interactions. In this situation, the nucleons(p and n) and pions(x+,s', r-) will interact both with themselves, and with the magnetic fields, through their charges and magnetic moments. Among these interactions, the relative interaction strength between themselves (LY, N 1) is about two orders of magnitude larger than that of the electromagnetic interaction ((Y, -lo-*) and five orders of magnitudes larger than that of the weak interaction(o, -10e5). The entirety of the phenomena caused by the strong interaction, for example, the processes below n+p-+D+y, (3.236) n + 7r+ -+ p, (3.23~) n+p+D+r", (3.23d) 3cr -+ '*c, (3.23e)
is described by the quantum chromodynamic(QCD) gauge theory. For these systems in the presence of a magnetic field, the Hamiltonian of the particles is composed of two parts: H = Ho + HI where Ho = cp+mc* (3.24) and HI -.$.P+!+fi, (3.25) respectively, represent the energy of the particle in the field-free case and the coupling energy of the field to the magnetic moment ,? of the particle. If the magnetic field is uniform, A = 0, the interaction Hamiltonian will become HI N $i;.g. HI I , ti, Gi, c (3.27) where, again B, = 4.4 x 10'"gauss. It is apparent that this interaction energy is much much smaller than the rest mass energy difference of the associated reactions, if the magnetic field is weaker than 10's gauss.
We thus conclude that, for all magnetic fields of interest (B 5 10" gauss) , the contribution of the interaction energy between nucleons and magnetic fields to the total energy of the system is too small to be significant, and therefore that the effects of magnetic fields (B 5 10'sG) on the strong interaction rates are negligible.
URCA and modified URCA rates
At very high temperatures (T 2 10gK), e.g., in the core of some massive stars, the so-called URCA ratesl'sl n -+ p + e-+ Fe, (3.28~) e-+ p --t n + v,, (3.286) and modified URCA ratesli31
n+n-+n+p+e-+i7,, (3.29a) n+p+e--+ n + n + v,, (3.29b) 12 + ?r-+ n + e-+ Fee, (3.29c) n+n+n+p+p-+F)&, (3.29d) n++p+p--+ n + n + y/L, (3.29e) (as well as the inverse processes) provide a dominant mode of energy loss via neutrino emission. A typical example of this will be the essential cooling processes involved in the interiors of neutron stars.
Ruderman et allsV61 have explored the effects of the strong magnetic field on the photon opacities, and in turn, on the cooling rates. Using our calculations in Section 3.1 of the weak interaction rates in the presence of the magnetic field, we are now in a position to examine the rate of the URCA reactions and the modified URCA reactions in the presence of a intense magnetic field. This should lead to important consequences to the cooling of neutron stars since it has been inferred that a strong magnetic field (2 10i3gauss) may exist in the interior of the neutron stars. A detailed calculation will be presented in a coming paper.
Astrophysical Applications
In (b) Physics of astrophysical compact objects If compact objects (e.g., neutron stars, pulsars, and white dwarfs) indeed have intense magnetic fields, as has been implied by a number of authors and observed for a number of objects, then the effects of the fields on the fundamental physical processes involved in these objects, which have often been neglected in earlier studies (e.g., of the (URCA) cooling processes of the neutron stars), should be fully taken into account. The results presented in this paper reveal that, if the magnetic fields in neutron stars are strong enough (a.5 large as 1012 -10r4gauss), the effects of the fields on.URCA rates may be substantial and must surely be considered in calculations of the cooling problem of neutron stars. A more detailed examination of this question will appear as a subsequent paper.
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